We analyze the case of a building that collapsed in a multifamily complex of Tlalpan borough in Mexico City during 2 the 19 September 2017 Central Mexico earthquake. Despite having similar materials and similar structural and 3 geometric properties, this was the only building that collapsed in the complex. A structural analysis of the building 4 and a study of the soils' predominant periods indicated that resonance effects, if any, would not be significant.
Introduction 18
The 19 September 2017 Central Mexico earthquake seriously affected Mexico City. In a multifamily 19 complex belonging to the Civil Service Social Security and Services Institute (ISSSTE) in the Tlalpan 20 borough, interestingly enough, only one building collapsed within a cluster of constructions that had the 21 same structural typology, geometry, and materials. Similar facts were reported (Vargas-Alzate et al., 2018) 22 in the San Fernando neighborhood, during the 2011 Lorca earthquake in Spain. During field work after 23 earthquakes, it is not rare to find collapsed buildings that have the same structural properties as other 24 undamaged, standing buildings nearby. An easy explanation would be that the collapsed building suffered 25 from construction faults, which severely affected its seismic capacity and strength. However, it is well-26 in Guerrero, and 1 in Oaxaca). Regarding structures, 38 collapsed buildings were reported in Mexico City. 55
Although this earthquake had one degree less magnitude than the 1985 earthquake (in other words, it was 56 32 times smaller), a high amount of structural damage was reported. This catastrophic situation was 57 attributed to the fact that the earthquake hypocenter was much closer than that of the 1985 earthquake (400 58 km approx.). Moreover, a different frequency band was excited. The 1985 event had the greatest effect on 59 zones with soft soils (with longer resonant periods), whereas this event generated greater acceleration in 60 the transition zones where the predominant periods of the soils are shorter. These effects can be seen in 61
Figures 1 and 2, in which the response spectra of the horizontal components of both earthquakes are shown 62 and compared. The response spectra correspond to very close stations that have the same type of soil. In 63 Both stations are in the transition zones, so it can be observed clearly that the 2017 event had a greater 66 effect in this area than that of the 1985 event. In Figure 2 , the response spectra for the horizontal components 67 of two stations with very soft soil (seismic zone III C, according to the Mexico City seismic codes) are 68 presented, showing that the 1985 earthquake generated higher spectral accelerations than the 2017 69 earthquake. 70
The case of the Tlalpan 1C building 71
The building identified as 1C is part of the ISSSTE multifamily complex development consisting of 11 72 masonry mid-rise buildings (Figure 3 ). The 1C building has the same structural typology, geometry, and 73 materials as another six buildings in the complex (2A, 2B, 2C, 4A, 4B and 4C). However, this building was 74
254° (4A, 4B and 4C). 98
The peak parameters, base shear (F), and roof displacement () obtained in the dynamic analysis are shown 99 in Table 2 . The results show maximum values in the weak axis of the 1C building in both analyses. The 100 overall maximum was obtained through the analysis performed with the closer station DX37. This gave 101 values of 8249 kN of base shear and 0.87 cm of roof displacement for the weak axis of the collapsed 102
building (1C). 103
Inter-story drifts and shears in each story were estimated for the buildings 1C and 4 (A, B and C) (see Figure  104 
5). 105
The weak axis of the 1C building had the maximum inter-story drifts and shears in each story. Moreover, 106 the inter-story drifts indicated that the base plant was less deformed, due to its higher rigidity, and show 107 why the upper stories collapsed while the first floor remained intact (pictures of the damage reported in the 108 buildings of the complex after the earthquake can be seen in the reports; see Data and Resources). The 109 structural analysis allowed us to identify a brittle type failure observed in the stories above the first floor 110 due to the mechanical properties of the structural typology, that is, a low-ductility masonry building. Thus, 111 the building would collapse with relatively small displacements (Sucuoglu and Erberik, 1997; Bothara et 112 al., 2010). Effects of stiffness irregularity and strength discontinuity in elevation were also seen. These 113 effects were due to the abrupt change in column size in the first floor and above, increasing the inter-story 114 drift in the first story (the soft story effect). In addition, a short-column effect, due to the window openings 115 was observed; this effect amplifies the moment demand in the first story. All these effects become relevant 116 when seismic action is applied to the building, altering the structural behavior and increasing the risk of 117
collapse. 118
Several site effects, concerning both the soil geology and the structure itself, may influence the seismic 120 actions beneath buildings (Menglin et al., 2011) and, therefore, might be responsible for anomalous seismic 121 responses and performance. Relevant, well-known effects that alter input ground motions are: 122 i) geological/geotechnical soft soil (GSS), ii) soil-structure interaction (SSI) (Guéguen et , and iv) directionality effects. In this section, these effects are described and discussed 125 to determine which of them could be responsible for the response of the 1C building. 126
Geological soft soil (GSS) effects 127
The geological characteristics of the site affect the frequency content and duration of ground motions. This 128 is a well-known effect, and seismic codes allow for it by means of soil classes. Depending on the thickness, 129 geometry, and geotechnical properties of the soil deposits, soft-soils amplify free-field motions in the long-130 period range (Elnashai and Di Sarno, 2008) . Then, the closeness between amplified periods of soils and 131 fundamental periods of buildings would cause the effect known as site resonance. Thus, from information 132 on the soil's amplification frequencies and on fundamental periods of vibration of the buildings, likely 133 resonant effects can be detected. There are many techniques and procedures to deal with soft soil transfer 134 functions. Several methods are based on spectral ratios, using both microtremor and earthquakes. Below, 135 the predominant periods of the soils in the site are estimated, to investigate whether soil effects could be 136 (Table 3) . 144
The site fundamental period of the Tlalpan complex was also estimated. We obtained a value of T = 0.95 145 s, which is close to that corresponding to strong-motion stations DX37 and CH84. Notably, the geotechnical 146 report after the September 2017 earthquake (see Data and Resources), declared uniformity in the soil 147 underneath the buildings. Therefore, the same site predominant period (T = 0.95 s) was considered for the 148 entire complex. The periods of the buildings in the area (see Table 1 ) are far from these amplifying periods, 149 thus making it unlikely that soil effects could be responsible for the bad response of the 1C building. 150
Soil-structure interaction (SSI) 151
Soil structure interaction (SSI) can be defined as the coupling between a structure and its supporting . However, until a few years ago, seismic codes 155 ignored the SSI effect on the seismic demand on buildings, based on the consideration that SSI effects 156 reduce demands on structures, so that it is more conservative to apply conventional structural regulations. 157 However, recent work has shown that it is not always conservative to ignore SSI (Givens, 2013) . SSI 158 modifies the free-field ground motions due to inertial and kinematic interaction effects. The SSI effect 159 concerns the joint response of three connected systems: the structure, the foundations, and the soil 160 underlying and surrounding the foundations. These three connected systems modify the building and 161 foundation responses and the free-field seismic actions (Tuladhar et al., 2008) . 162
The NIST GCR 12-917-21 (2012) report synthesizes the state-of-the-art of SSI and provides guidelines and 163 techniques for simulating and modeling SSI effects in engineering practice. In this report, the structure-to-164 soil stiffness ratio, Table 1 ) are 0.06 and 170 0.07 respectively. Because these ratios are less than 0.10, strong inertial SSI effects are not expected. In 171 any case, due to the similarity of the structural and soil properties of the buildings in the complex, SSI 172 effects would not explain the singularly bad performance of the 1C building. 173
Site-city interaction (SCI) 174
In dense urban areas subjected to strong seismic actions, the multiple interactions between soil, layers, and 175 buildings is known as the site-city interaction (SCI) effect. SCI effects appear when there is resonance 176 between buildings and soils. Building density and regular or irregular city configurations play a crucial role 177 
Effects on the 1C building 206
Ground motions may be polarized so that the intensity in a specific direction may be significantly greater. 207
Moreover, as pointed out above (see Figure 4) , most of the buildings have strong and weak axes, which 208 depend on the rigidity or flexibility of the building in the directions defined by its principal axes (see Figure  209 7a). Therefore, a specific ground motion can have a greater effect on the performance of a building, 210 depending on the orientation of these axes with respect to the action. Thus, the demand on the structure 211 may strongly depend on the orientation of the building with respect to the direction in which the maximum 212 intensity of the seismic action occurs, that is, depending on the azimuth of the building (see for instance varies depending on the orientation of the building. Therefore, the expected damage would depend on the 215 combined effects of the directionality of the seismic actions and the azimuthal orientation of the building. 216 Accordingly, the expected damage will be greater when the strongest seismic forces hit the building in the 217 weak axis direction. 218
Noticeably, the 1C building was the only one that collapsed in the Complex (Figure 3b) , and, among the 219 buildings with the same geometrical and structural properties it was the only one whose weak axis had an 220 azimuth of 164°, measured from the south (Figure 8 ). To try to find an explanation for this fact, a thorough 221 analysis of the seismic actions that could likely hit the building was made. For this purpose, the 222 accelerograms recorded at the three closest stations were analyzed (see Figure 9) ; namely AO24 (2.52 km), 223 DX37 (0.70 km), and CH84 (1.98 km). As a first step, the particle motion during the earthquake in these 224 The PGA and the maximum responses of a single degree of freedom 5% damped oscillator with a period 234 of 0.30 s were also analyzed as functions of the rotation angle. Figure 11 shows the results. GMPE worldwide see Douglas (2018) . Regarding structural regulations, the ASCE/SEI 7-10 (ASCE, 2010) 252 adopted the measure RotD100 in the ground-motion design maps. These types of updates are of 253 fundamental importance and they must be considered for a proper definition of the seismic hazard. 254
In this section, the directionality effects of the 2017 earthquake in Mexico City are analyzed. The results 255 are then compared with the design spectra. In addition to the as-recorded accelerograms, the intensity 256 measures (IM) described in Table 4 are used. 257 To assess the directionality effects, the 58 ground motion pairs were rotated (Equation 1) and their 266 respective 5% damped response spectra were obtained. The rotation was made for the range between 0° 267 and 180°, with increments of θ = 1°. Finally, the RotD100 spectrum was estimated. This spectrum 268 represents the maximum spectral acceleration generated for each 5% damped single-degree-of-freedom 269 oscillator system. From the comparison of the spectra, it was found that the elastic design spectrum of the 270 2004 regulation was not exceeded in only 9 of the 58 stations. However, when the obtained spectra were 271 compared with those provided in Appendix A of the same code, using an alternative method, the design 272 spectrum was exceeded in 15 of the 58 acceleration time histories tested. Concerning the new structural 273 regulations published in December 2017, in 11 of the 58 stations, the proposed elastic design spectrum was 274 exceeded. This represents an improvement with respect to Appendix A of 2004, but several of the new 275 design spectra were still surpassed. Another important point is that, in four of the 11 stations where the new 276 regulation was exceeded, the excess was due to directionality effects (these results are summarized in the 277 Appendix to this paper). The 11 stations where the newer design spectra were exceeded are in areas of stiff 278 to soft soil, 4 in seismic zone I, 3 in zone II (transition), and 4 in zone IIIA. In the zones with softer soils 279 (IIIB, IIIC and IIID), the design spectra were not exceeded at all. This fact agrees with the structural damage 280 reported since most of the buildings that collapsed were in zones I, II and IIIA (see Data and Resources). 281 Figure 12 shows the comparisons of the response spectra for 6 stations: 2 in zone I, 2 in zone II, and 2 in 282 zone IIIA. 283
In the stations of zone I of stiff soil (Figure 12 a and b) , the maximum spectral accelerations occurred for 284 low periods, in the range from 0.3 to 0.6 s, and have a value that exceeds 500 cm/s 
Overall directionality effects 293
Finally, to evaluate IMs with respect to the maximum spectral acceleration (RotD100), ratios were 294 estimated using N-S, E-W, Larger and GM measures (see definitions in Table 4 ). The E-W component had, 295 on average, values closer to RotD100 than the N-S (see Figure 13) . The ratio RotD100/GM had values 296 between 1.20 and 1.30. When we evaluated the ratio of RotD100 with respect to the Larger measure, we 297 observed differences of 10%, on average. These trends in the ratios were compared with the ratio 298 RotD100/Larger (for earthquakes with 0 km < R RUP ≤ 200 km and 7.0 ≤ M < 8.0) obtained by Boore and 299 Kishida (2016) and the ratio RotD100/GM model proposed by Haji-Soltani and Pezeshk (2017). Very 300 similar results were obtained for the ratio RotD100/Larger, while the ratios obtained herein for the 301 RotD100/GM were slightly lower than that proposed by Haji-Soltani and Pezeshk. 302
Conclusions 303
We analyzed the anomalous seismic performance of a specific building in a multifamily residential complex 304 in Tlalpan borough in Mexico City, during the 19 September 2017 earthquake of Mw=7.1. Soil, SSI, SCI, 305 and directionality effects were investigated to find a reasonable explanation for such an inconsistent seismic 306 response. The homogeneity of the soils and the similarity of the geometrical and structural properties of the 307 buildings in the complex allowed us to discard soil, SSI, and SCI effects as causative of significant 308 differences in the seismic actions suffered by the buildings. Thus, directionality effects emerge as the main 309 cause. The concurrence of the orientation of the weak axis of the building and the direction at which the 310 maximum demand of the seismic actions is attained would be responsible for the collapse of the building. 311
Thus, in damage and risk assessments, the direction in which the strongest seismic actions hit the buildings, 312 directionality, should be considered, as similar buildings, located in the same place, may suffer different 313 damage grades. 314
Concerning seismic hazard, Figure 12 shows how the response spectra predicted by the SASID A v4.0.2.0 315 application (NTCDS-RCDF, 2017) are lower than those corresponding to the seismic actions produced by 316 the 2017 earthquake. This fact confirms that it is important to incorporate the results of directionality studies 317 into the GMPEs by means of sensor orientation-independent measures. Thus, epistemic uncertainties in 318 GMPE would be significantly reduced, and the foreseen seismic actions would be more realistic. However, 319 the consideration of maximum seismic actions could lead to excessively conservative GMPE. Therefore, 320
the median values or specific percentiles should be considered. The use of acceleration time-histories that 321 are compatible with the RotD100 measure in dynamic analysis of structures would allow the most 322 unfavorable case to be analyzed. These extreme values could be adopted for the design and/or rehabilitation 323 of special structures such as historical-cultural heritage buildings or other essential and special high-risk 324
structures. 325
Regarding design spectra, seismic regulations in Mexico City have been improved in recent years. 326
However, later design spectra were still surpassed by several accelerograms recorded during the September 327 2011 earthquake (see Tables A1 to A6 in the appendix). Noticeable, these excesses were due to 328 directionality effects. Thus, an important conclusion of this study is that directionality effects must be 329 considered in Probabilistic Seismic Hazard Analyses (PSHA), in damage assessments, and in design 330 regulations. Specific studies on directionality effects should be performed in urban areas located in high 331 seismic hazard zones. However, studies undertaken in other countries may be useful as the ratios 332 RotD100/GM and RotD100/Larger, found in other studies, are comparable to those found in this study, in 333 a wide range of periods. 334 Tables   Table 1 Modal Table 2 Maximum base shear (F in kN) and maximum roof displacements ( in cm) generated in each building through the time-history analysis. Tables A1 to A6. 
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